Enterovirus infection in newborn infants is a significant cause of aseptic meningitis and encephalitis. Using a neonatal mouse model, we previously determined that coxsackievirus B3 (CVB3) preferentially targets proliferating neural stem cells located in the subventricular zone within 24 h after infection. At later time points, immature neuroblasts, and eventually mature neurons, were infected as determined by expression of high levels of viral protein. Here, we show that blood-derived Mac3 ϩ mononuclear cells were rapidly recruited to the CNS within 12 h after intracranial infection with CVB3. These cells displayed a myeloid-like morphology, were of a peripheral origin based on green fluorescent protein (GFP)-tagged adoptive cell transplant examination, and were highly susceptible to CVB3 infection during their migration into the CNS. Serial immunofluorescence images suggested that the myeloid cells enter the CNS via the choroid plexus, and that they may be infected during their extravasation and passage through the choroid plexus epithelium; these infected myeloid cells ultimately penetrate into the parenchyma of the brain. Before their migration through the ependymal cell layer, a subset of these infected myeloid cells expressed detectable levels of nestin, a marker for neural stem and progenitor cells. As these nestin ϩ myeloid cells infected with CVB3 migrated through the ependymal cell layer, they revealed distinct morphological characteristics typical of type B neural stem cells. The recruitment of these novel myeloid cells may be specifically set in motion by the induction of a unique chemokine profile in the CNS induced very early after CVB3 infection, which includes upregulation of CCL12. We propose that intracranial CVB3 infection may lead to the recruitment of nestin ϩ myeloid cells into the CNS which might represent an intrinsic host CNS repair response. In turn, the proliferative and metabolic status of recruited myeloid cells may render them attractive targets for CVB3 infection. Moreover, the migratory ability of these myeloid cells may point to a productive method of virus dissemination within the CNS.
Introduction
Enterovirus infections have been previously associated with a wide range of neurological disorders in a clinical setting, including persistent encephalitis (Berger et al., 2006) , white matter damage (Verboon-Maciolek et al., 2006) , and acute disseminated encephalomyelitis (Saitoh et al., 2004) . Coxsackievirus B3 (CVB3) infections are relatively common and cause a number of human enterovirus-associated diseases, including pancreatitis, myocarditis, and aseptic meningitis . Newborns in particular are highly susceptible to infection and disease (Romero, 2008) . We have previously described the ability of CVB3 to infect neural stem cells in the neonatal CNS, induce apoptosis within infected neurons, and establish a persistent infection (Feuer et al., 2003 (Feuer et al., , 2009 ). The choroid plexus was previously shown to be an early site of CVB3 replication (Feuer et al., 2003) . However, a close examination of the infected choroid plexus at the cellular level has not previously been undertaken.
The choroid plexus remains a poorly understood organ in the CNS which has recently been shown to harbor previously unidentified host functions (Emerich et al., 2005) . One of the critical functions of the choroid plexus is to regulate the production of CSF in the CNS. The choroid plexus also forms the blood-CSF barrier in the CNS (Ransohoff et al., 2003) . The blood-CSF barrier is distinct from the blood-brain barrier (BBB) in that entry is controlled by the tight junctions of the choroid plexus cuboidal epithelium, as opposed to the endothelial cell layer comprising the BBB. Furthermore, the blood-CSF barrier may be an important entry point for activated immune cells (Ransohoff et al., 2003) . Certain substances, such as transthyretin, may be actively transported by the choroid plexus into the CSF (Dickson et al., 1986) . However, many other functions have recently been described for the choroid plexus, including the production of growth factors (Shingo et al., 2003) and an active involvement in neurogenesis (Falk and Frisén, 2002) .
Here, we more closely determined the involvement of the choroid plexus during the early stages of CVB3 infection in the neonatal CNS. The choroid plexus epithelial cells appeared to be spared from CVB3 infection. Instead, infected cells morphologically similar to myeloid cells were found clustered throughout the choroid plexus tissue and within the lateral ventricle. By analyzing serial immunofluorescence sections by microscopy, we carefully characterized the phenotype of myeloid cells undergoing extravasation through the columnar epithelium of the choroid plexus and eventually entering the parenchyma of the neonatal CNS. These cells were seen in abundance only after infection, suggesting that initial CVB3 infection in the CNS may induce chemoattractant molecules into the surrounding area. Furthermore, many recruited myeloid cells expressed nestin, a marker for neural stem and progenitor cells (Lendahl et al., 1990) . We also examined the early induction of chemokines which might be responsible for the recruitment of these unique myeloid cells, and their possible fate as they enter the parenchyma of the neonatal CNS. We hypothesize that CVB3 may induce the migration of these unique myeloid cells by the upregulation of chemokines, including CCL12, to aid virus dissemination within the neonatal CNS.
Materials and Methods
Isolation and production of a recombinant coxsackievirus. The generation of a recombinant coxsackievirus expressing eGFP has been described previously (Feuer, 2002) . Briefly, the CVB3 infectious clone (pH3) (obtained from Dr. Kirk Knowlton at University of California at San Diego) was engineered to contain a unique SfiI site which facilitates the insertion of any foreign sequence into the CVB3 genome (pMKS1). For the recombinant CVB3 expressing dsRED (dsRED-CVB3), dsRED gene was amplified from a dsRED expression plasmid (Clontech Laboratories) using dsRED sequence-specific primers with flanking Sfi1 sequences. The PCR product was cloned into pMKS1. Following transfection of HeLa RW cells with dsRED-CVB3 plasmid, infectious virus was generated. All virus stocks were grown on HeLa RW cells maintained in DMEM (Cellgro) supplemented with 10% fetal bovine serum. Virus titrations were performed as described previously.
Mice and viral inoculations. Mouse experimentation conformed to the requirements of the San Diego State University Animal Research Committee and the National Institutes of Health. BALB/c and C57BL/6 mice were obtained from the Scripps Research Institute animal facilities or Harlan Sprague Dawley. Breeding pairs were checked every day, and 1-d-old pups were infected intracranially with 2 ϫ 10 6 or 1 ϫ 10 7 pfu eGFP-CVB3, 5 ϫ 10 3 pfu wild-type CVB3 (WT-CVB3), 5 ϫ 10 3 pfu lymphocytic choriomeningitis virus (LCMV), or mock-infected with DMEM. The procedure for intracranial (i.c.) inoculation of 1-d-old pups has been described previously (Feuer et al., 2003 . Pups were killed at various time points between 12, 24, and 48 h postinfection (PI) by hypothermia/CO 2 , followed by immediate decapitation. The brains were fixed by immersion in 10% neutral-buffered formalin for Ͼ4 h, paraffinembedded, and immunostained or stained with hematoxylin and eosin (H&E) .
Adoptive transfer of GFP-expressing bone marrow-derived cells or newborn liver-derived cells into recipient animals infected with CVB3.
Adult bone marrow-derived cells (BMDCs) were isolated from the femurs of actin promoter-GFP transgenic mice and washed three times with PBS solution. Alternatively newborn livers from actin promoter-GFP transgenic mice were homogenized into a single cell suspension and washed three times with PBS. A total of ϳ10 7 -10 8 GFP-expressing donor cells were injected intrahepatically (i.h.) into 1-or 3-d-old C57BL/6 recipient mice (Massengale et al., 2005) . Either simultaneously or 1 d later, recipient mice were infected intracranially with dsRED-CVB3 (2.5 ϫ 10 4 pfu) or mock-infected with DMEM. On days 1, 2, and 6 PI, the brain and livers from recipient mice were harvested, paraffin-embedded, and inspected for the presence of peripheral GFP-expressing donor cells and virus protein expression (dsRED) by immunofluorescence microscopy.
In situ hybridization. Our in situ hybridization procedure has been described previously (Feuer et al., 2003) . Briefly, a 33 P-labeled antisense RNA (421 bases) probe for the 5Ј untranslated region of CVB3 was generated using the MAXIscript In vitro Transcription Kit (Ambion Inc.), as described by the manufacturer. In situ hybridization procedures were performed using the mRNAlocater In Situ Hybridization Kit (Ambion Inc.), as described by the manufacturer. The radio-labeled probe (10 7 cpm) was applied to deparaffinized sections, and the sample was sealed in a humidified chamber and incubated at 46°C for 18 h. After washing and RNase A treatment, slides were immersed in photographic emulsion, held at 4°C for 6 d, then developed. Finally, slides were stained with hematoxylin (1 min) and eosin (1.5 min), and mounted with Cytoseal (VWR International).
Myeloid cell quantification of the choroid plexus. Oil images (100ϫ) of H&E-stained brain sections were taken using a Zeiss Axiovert 200 inverted microscope with an attached Zeiss ICc3 Color Camera. Brain sections of BALB/c mice infected with eGFP-CVB3, and C57BL/6 mice infected with eGFP-CVB3, WT-CVB3, and LCMV at 12, 24, and 48 h postinfection were used. The brain sections with the most intact choroid plexus were used for imaging. Three images of the most representative regions were taken of each choroid plexus, using two animals per time point. Myeloid cells in and around the choroid plexus were counted based on morphology and location. Data were entered into GraphPad Prism 3.0 software, analyzed, and displayed graphically.
Immunofluorescence staining. eGFP (from eGFP-CVB3 or GFPexpressing donor cells) or dsRED expression was observed in unstained paraffin-embedded sections overlaid with PBS. For immunofluorescence staining, paraffin-embedded sections (3 m thickness) were deparaffinized with three washes in xylene and serial washes in 100%, 95%, 70% ethanol, followed by a wash in PBS and distilled water. Thereafter, high temperature antigen unmasking in 0.01 M citrate buffer, pH 6.0, was performed. The Mouse on Mouse kit (Vector Laboratories Inc.) was used for primary antibodies derived from mouse. Two main immunofluorescence staining protocols were used. For GFP (1:10, AB3080; Millipore Corporation; or 1:100, ab13970, Abcam), nestin (1:50, MAB353; Millipore Corporation), predilute Ki67 (neat, RTU-Ki67-MM1, Novocastra Laboratories) RC2 (1:50, Developmental Studies Hybridoma Bank, Iowa City, IA), doublecortin (1:100, AB5910; Millipore Bioscience Research Reagents), ZO-1 (1:100, MAB1520; Millipore Bioscience Research Reagents), CD11b/c (1:200, ab53187; Abcam Inc.), phospho-p44/42 (pERK1/2, Thr202/Tyr204) MAP Kinase (1:100, #9101, Cell Signaling Technology Inc.), Le X -CD15 (1:50, #559045 Clone MMA, BD Biosciences Inc.), Musashi (1:100, AB5977; Millipore Corporation), Iba1 (1:100 or 1:200, #016-20001; Wako Pure Chemical Industries, Ltd.), Mac-3 (1:20, #550292; BD Biosciences Inc.), prediluted Cyclin D1 (neat, #P236AA; Biocare Medical Inc.), and laminin (1:200, L 9393; SigmaAldrich Inc.) antibodies; sections were blocked with 10% normal goat serum for 30 min, primary antibody was put on overnight at 4°C, goat anti-rabbit, anti-rat, or anti-mouse antibody conjugated to biotin at 1:100, or bovine anti-chicken FITC (sc2700, Santa Cruz Biotechnologies) was applied for 30 min. Finally sections were incubated with streptavidin-Alexa Fluor 488 or streptavidin-Alexa Fluor 594 at 1:500 for 30 min, respectively. For CD105 (1:100, ab56298; Abcam Inc.), CD133 (1:200, ab19898; Abcam Inc.), CD34 (1:50, ab8158; Abcam Inc.), CD11b/c (1:200, ab53187; Abcam Inc.), CD73 (1:50, sc-14682; Santa Cruz Biotechnology Inc.), CCL12/MCP-5 (anti-MCP-5 (K19)-sc9718, Santa Cruz Biotechnology Inc.), c-Kit (1:20, AF1356; R&D Systems), Sca-1 (1:20, R&D Systems Inc.), B220 (1:30, 550286; BD Biosciences Inc.), mCAR (1:100, Santa Cruz Biotechnology Inc.), Tyramide Signal Amplication (TSA) Kit #25 (Invitrogen Inc.) was used according to man-ufacturer's protocol. Briefly, sections were quenched with 3% H 2 O 2 for 1 h, blocked in 1% Blocking Solution for 1 h, incubated in primary antibody in 1% Blocking Solution overnight at 4°C, goat anti-rabbit antibody conjugated to biotin at 1:100 in 1% Blocking Solution was applied for 2 h, streptavidin-HRP was applied at 1:100 in 1% Blocking Solution for 1 h, and last sections were incubated with tyramide-594 at 1:100 in Amplification Buffer for 20 min. Specificity controls for immunostaining included sections stained in the absence of primary antibody, or in the presence of rabbit IgG control antibody at 0.1 g/ml (Vector Laboratories, Inc), rat IgG 1 K isotype control (1:100, Clone R3-34, #559072, BD Biosciences Inc.), or mouse IgG 1 -negative isotype control (1:20, Clone DD7, #CBL600; Millipore Bioscience Research Reagents). For detection of DNA/nuclei, sections were overlaid with Vectashield Mounting Medium with DAPI (4Ј,6Ј-diamidino-2-phenylindole dihydrochloride) (Vector Laboratories). Sections were observed by fluorescence microscopy (Zeiss Axiovert 200 inverted microscope) for GFP (green), the indicated cellular marker (red) and DAPI nuclear staining (blue). Green, red, and blue channel images were merged using AxioVision software.
Confocal microscope imaging. Confocal images were captured using a Zeiss Laser Confocal Scanning Microscope (LCSM) running the latest Zen 2009 Zeiss software suite (Carl Zeiss Inc.). All serial optical 8 bit image sections [obtained with a 63ϫ Plan-Aprochromat (1.4 numerical aperture) objective at 0.3 mm interval step slices] were imported and spatially reassembled using Imaris software (BitPlane Inc.) to generate a three-dimensional representation of the tissue of which single snapshots and movies were created. Maximum projected two-dimensional images were created in Image Pro Plus (Media Cybernetics Inc.), or ImageJ (National Institutes of Health, Bethesda, MD) software for the montage image panel presentation.
Quantitative real-time reverse transcriptase PCR for CVB3. 5Ј-untranslated (UTR) CVB3-specific primers (forward primer 5Ј-CA-CACTCCGATCAACAGTCA-3Ј; reverse primer 5Ј-GAACGCTTTCTC-CTTCAACC-3Ј), and a FAM/TAMRA-labeled probe (5Ј-CGTGGCAC-ACCAGCCATGTTT-3Ј) were used for the Taqman method of quantitative real-time reverse transcriptase (qRT)-PCR. A total of 1 g of total RNA from the samples was reverse transcribed using SuperScript III Reverse Transcriptase (Invitrogen Inc.) according to the procedure described by the manufacturer. Separate RT reactions were performed for the reverse primer or forward primer to quantitate the number of positive and negative-sense viral genomes, respectively. RT reactions were treated with 1 l of Ribonuclease H (Invitrogen Inc.) to remove RNA complementary to the cDNA. PCR amplification was done using Platinum Quantitative PCR SuperMix-UDG ready to use cocktail (Invitrogen Inc.) containing all components except the amplification primers and FAM/TAMRA-labeled probe, as described by the manufacturer. Quantitative analysis of viral RNA was performed using a Bio-Rad iQ5 RealTime PCR System in 96 well optical reaction plates heated to 50°C for 2 min to digest dUTP-containing contaminants, followed by 95°C for 2 min to deactivate UNG and activate Platinum TaqDNA polymerase. Forty cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 30 s were carried out. To normalize the amount of RNA in each sample, separate RT reactions using random primers instead of CVB3-specific primers were performed and amplified for 18S ribosomal RNA. The 18S ribosomal products were amplified with 18S forward (5Ј-CGGCTACCACATCCAAGGAA-3Ј) and reverse (5Ј-GCTGGAA-TTACCGCGGCT-3Ј) primers, and included a FAM/TAMRA (5Ј-TGCTGGCACCAGACTTGCCCTC-3Ј) probe. The standard curve was generated using in vitro transcribed pH3 CVB3 RNA. The standard curve was based on C t values (cycle number at which relative fluorescence crossed the threshold) and C t values from unknown samples (normalized for 18S ribosomal RNA signal) were compared with the standard curve to determine viral RNA copy numbers.
Quantitative real-time RT-PCR for LCMV. LCMV glycoprotein (GP)-specific primers (forward primer 5Ј-CATTCACCTGGACTTTGTCA-GACTC-3Ј; reverse primer 5Ј-GCAACTGCTGTG-TTCCCGAAAC-3Ј) and a FAM/TAMRA-labeled probe (5Ј-TTATTGCCTGACCAAAT-GGA-3Ј) were used for Taqman method of quantitative real-time RT-PCR. RT-PCR was performed as described for CVB3. Forty cycles of denaturation at 95°C for 15 s and annealing and extension at 60°C for 30 s were carried out. To normalize the amount of RNA in each sample, separate RT reactions using random primers instead of LCMV-specific primers were performed and amplified for 18S ribosomal RNA. The 18S ribosomal products were amplified with 18S forward (5Ј-CGGCTACC-ACATCCAAGGAA-3Ј) and reverse (5Ј-GCTGGAATTACCGCGGCT-3Ј) primers, and included a FAM/TAMRA (5Ј-TGCTGGCACCAGACTTG-CCCTC-3Ј) probe. The standard curve was generated using the LCMV pSG5-GP plasmid, a generous gift from Dr. Juan Carlos de la Torre (Department of Immunology and Microbial Sciences, The Scripps Research Institute). The LCMV GP gene was isolated from the plasmid using restriction enzyme digest (BglII and EcoRI) and gel purified. Isolated GP DNA was then quantified using a spectrophotometer, converted to copy number, and serially diluted (10-fold dilutions). The standard curve was based on C t values; C t values from unknown samples (normalized for 18S ribosomal RNA signal) were compared with the standard curve to determine viral RNA copy numbers.
Microarray analysis. Total RNA was isolated from homogenized brain samples using the Qiagen RNeasy Kit. RNA was sent to the BIOGEM Microarray Core at University of California at San Diego and analyzed for quality. Samples were reverse transcribed to cDNA and then in vitro transcribed to cRNA with the incorporation of biotin. cRNA was hybridized to Illumina Whole Mouse Genome 6 Samples chips, which analyze ϳ45,200 genes. Hybridized chips were incubated with Cy3, washed, and then read using the Illumina BeadArray Station. Normalized gene expression was used to examine differences and similarities in the following samples; GFP-CVB3, WT-CVB3, LCMV, and mock-infected C57BL/6 mice at 12 h postinfection. Relative chemokine/cytokine expression levels were identified via microarray analysis. More specifically, gene expression levels in the brain of eGFP-CVB3 or LCMV-infected neonatal mice were compared with mock-infected control mice. The fold change in gene expression levels for known chemokines compared with mockinfected control mice was analyzed to determine possible chemoattractant molecules associated with myeloid cell recruitment through the choroid plexus specifically following coxsackievirus infection.
ApopTag staining. Detection of cells undergoing apoptosis was evaluated using the ApopTag Red In Situ Apoptosis Detection Kit (Millipore Inc.), as specified by the manufacturer. Briefly, paraffin-embedded sections were deparaffinized and pretreated with proteinase K (20 mg/ml) for 15 min. Equilibration buffer was added directly onto the specimen, after which terminal deoxynucleotidyl transferase (TdT) enzyme in reaction buffer was added for 1 h at 37°C. Sections were washed in working strength Stop/Wash buffer for 10 min. Prewarmed working strength anti-digoxigenin conjugate (rhodamine) was added to the sections and incubated at room temperature for 30 min. The samples were washed with PBS and observed by fluorescence microscopy, as described above.
Statistical analyses. Statistical significance was determined using by one-way ANOVA with Newman-Keuls post hoc comparison. For myeloid cell quantification (see Fig. 5H ), A 6 ϫ 2 ANOVA with group (BALB/c-eGFP-CVB3, C57BL/6 -eGFP-CVB3, C57BL/6 -WTCVB3, C57BL/6 -LCMV, C57BL/6 -MOCK, and C57BL/6 -CCL12) as a between-group variable and time (12 h, 24 h, 48 h) as a within-group variable, and average number of myeloid cells per animal as the dependent variable; revealed a significant main effect of group F (5,6) ϭ 81.97, p Ͻ 0.001, a significant main effect of time F (2,12) ϭ 17.59, p Ͻ 0.001, and a significant group ϫ time interaction F (10,12) ϭ 3.95, p Ͻ 0.05. A Newman-Keuls post hoc comparison test of the main effect of group revealed that the average number of myeloid cells per animal in BALB/c-eGFP-CVB3, C57BL/6 -eGFP-CVB3, C57BL/6 -WTCVB3, and C57BL/6 -CCL12 was significantly higher ( p Ͻ 0.05) from C57BL/6 -MOCK, while C57BL/6 -LCMV was the only group not significantly higher. In addition, there was no difference observed between the C57BL/6 -WTCVB3 and C57BL/6 -CCL12 groups. A Newman-Keuls post hoc comparison test of the main effect of time revealed that the average myeloid cells per animal was significantly higher ( p Ͻ 0.05) at the 24 h time point compared with both the 12 and 24 h time points. A Newman-Keuls post hoc comparison test of the group ϫ time interaction revealed that the average number of myeloid cells per animal in C57BL/6 -eGFP-CVB3 was significantly higher ( p Ͻ 0.05) from C57BL/6 -MOCK and C57BL/6 -LCMV at the 12 h, 24 h, and 48 h time points. For apoptosis quantification in the choroid plexus (see Fig. 11 A), A one-way ANOVA with group (C57BL/6 -MOCK, C57BL/6 -eGFP-CVB3, and BALB/ceGFP-CVB3) as a between-group variable, and ApopTag signal per choroid plexus as the dependent variable, revealed significant between-group differences F (2,8) ϭ 4.84, p Ͻ 0.05. A Newman-Keuls post hoc comparison test revealed that ApopTag signal per choroid plexus was significantly higher ( p Ͻ 0.05) in C57BL/6 -eGFP-CVB3 and BALB/c-eGFP-CVB3 compared with C57BL/6 -MOCK, with no difference between C57BL/6 -eGFP-CVB3 and BALB/c-eGFP-CVB3.
Results

Myeloid cells migrating into the CNS are highly susceptible to infection
Previously, we determined the ability of CVB3 to target neurogenic regions of the CNS at early time points following infection. However, the choroid plexus was also highly susceptible to infection. Upon closer inspection, the choroid plexus epithelial cells appeared to be spared from CVB3 infection. Instead, H&E staining revealed the presence of cells with myeloid-like morphology which appeared to infiltrate through the vascular stroma ( Fig.  1 A, black arrows). These cells were seen in abundance only after infection, suggesting that initial CVB3 infection may induce chemoattractant molecules into the surrounding area. In addition, the presence of red blood cells external to the vascular regions of the choroid plexus suggested some hemorrhaging due to infection. In contrast, no infiltration of myeloid-like cells was observed for mock-infected control sections ( Fig. 1 B) . Higher magnification of the infected choroid plexus revealed the extravasation of myeloid-like cells through the tight junctions of the choroidal epithelial cells (Fig. 1C , black arrows) and penetration through the ependymal cell layer (ECL) of the CNS (Fig. 1C , notched cyan arrow). These cells accounted entirely for the presence of viral signal in the choroid plexus and lateral ventricle, as shown by in situ hybridization using a CVB3-specific 5Ј-UTR probe ( Fig. 1 D, black signal) , although viral signal was also identified (as published previously) near the ECL. In contrast, choroid plexus epithelial cells were generally spared from infection. Similar results were obtained when sections were inspected for viral protein expression ( Fig. 1 E, eGFP signal).
Infected myeloid cells extravasate through the choroid plexus and into the ependymal cell layer
Higher magnification of fluorescent microscopic images revealed the apparent stepwise migration of infected myeloid cells from the vascular stroma of the choroid plexus, through the epithelial cell layer, across the CSF of the lateral ventricle, and into the parenchyma of the brain ( Fig. 1 F, eGFP signal) . These results suggest a route of entry for CVB3 through the blood-CSF barrier of the neonatal CNS using cells of the myeloid lineage, similar to what has been observed for HIV and the blood-brain barrier (Eugenin et al., 2006) . Extravasation of infected myeloid cells through the choroid plexus (CP) columnar epithelium was observed in sections immunostained with laminin and zona occludens 1 (Z0 -1) antibodies ( Fig. 2 A, B , respectively). In higher-magnification images, infected myeloid cells were observed in the process of extravasation through laminin ϩ (red) basement membranes outlining the capillaries of the choroid plexus (Fig. 2C , small gray arrows). Despite the early age of infected pups, ZO-1 staining (red) identified the tight junctions of the columnar epithelium which organizes the blood-CSF barrier in the CP (Fig.  2 D) . The blood-CSF barrier appeared to be predominantly intact, and infected myeloid cells could be seen trafficking through the columnar epithelium (Fig. 2 D, small gray arrows). The activation status of infected myeloid cells was inspected by staining for Ki67 (cell cycle marker) and pERK1/2 ( Fig. 2 E, F, respectively). As expected, Ki67 staining was observed in neurogenic regions comprising the subventricular zone (SVZ). However, numerous infected myeloid cells also expressed high levels of Ki67, suggesting active proliferation. Intriguingly, the distribution of Brain sections were cut sagittally, deparaffinized, observed by fluorescence microscopy for viral protein expression (eGFP), and stained by H&E (see Materials and Methods). The location of viral RNA was evaluated by in situ hybridization using a 5Ј-UTR probe specific for CVB3. A, CVB3 infection induced the recruitment of cells having a myeloid-like morphology (black arrows) which migrated from vascular stromal cores through the choroid plexus columnar epithelium. A number of these cells were found within the CSF of the ventricles. B, In contrast to infected mice, the choroid plexus of mock-infected mice revealed no apparent influx of myeloid-like cells near the choroid plexus epithelial cell layer. C, Higher magnification of the infected brain revealed the presence of myeloid-like cells adjacent to the epithelial cell layer of the choroid plexus (black arrows), many of which appeared to migrate through the ECL and into the parenchyma of the brain (cyan notched arrow). D, E, In situ hybridization (D) and fluorescence microscopy (E) demonstrated that these myeloid-like cells found adjacent to the choroid plexus supported robust viral replication (D, black dots) and expressed high levels of viral protein (E, green signal). F, Higher magnification of the white box in E showed multiple infected cells at different stages of diapedesis passing through the lumen of the choroid plexus (outlined with dotted white lines), along with the stepwise migration of these myeloid-like cells across the ECL (outlined with dashed white line). A few autofluorescing red blood cells (light orange) can be seen in the choroid plexus. A, B, D, 40ϫ objective; C, 63ϫ objective; E, 20ϫ objective; F, 100.8ϫ magnification. LV, lateral ventricle.
Ki67 was routinely cytoplasmic in infected myeloid cells (Fig. 2G , white arrows), as opposed to the normal nuclear distribution within uninfected cells found nearby (Fig. 2G , notched cyan arrows). Similar, the majority of infected myeloid cells expressed high levels of pERK1/2 in the cytoplasm, although other infected myeloid cells showed little to no expression (Fig. 2 H, small white arrows). Both cytoplasmic and nuclear distribution of pERK1/2 has been described previously (Refojo et al., 2005) . These results indicate that the majority of myeloid cells were undergoing proliferation or were highly activated, which might assist CVB3 replication. High expression levels of the CVB3 receptor [murine coxsackie and adenovirus receptor (mCAR)] was observed in regions within the tight junctions of the columnar epithelium (overlapping with ZO-1) and in the SVZ (Fig. 2 I) . In addition, detectable levels of mCAR were seen on infiltrating myeloid cells (Fig. 2 J, white arrows) .
We more carefully inspected the process of myeloid cell extravasation by confocal microscopy and IMARIS 3D analysis (Fig. 3) . The progressive infiltration of infected myeloid cells through the basement membrane was observed in laminin (red)-stained sections of the choroid plexus at 12 and 24 h PI. Confocal microscopy revealed the progressive entry of infected myeloid cells through the tight junctions of the choroid plexus columnar epithelium. In addition, a 3D IMARIS movie representation was created at 12 and 24 h to inspect infected myeloid cell entry (supplemental Movies 1 and 2, respectively, available at www. jneurosci.org as supplemental material). Higher magnification (Fig. 3 , zoom 1) revealed that myeloid cells expressed high levels of viral protein (green) only upon entry through the basement membrane. No eGFP ϩ myeloid cells were seen within the capillaries of the choroid plexus, indicating that infection of these cells occurred during myeloid cell extravasation (Fig. 3 , gray-scale images of each color channel). IMARIS 3D analysis with a diminishing laminin label more clearly outlined the entry of infected myeloid cells through the basement membrane of the choroid plexus (Fig. 3 , zoom IMARIS 3D with diminishing laminin label). Higher-magnification images showed the process of diapedesis of infected myeloid cells into the surrounding lateral ventricle (Fig.  3 , zoom 2-white arrows).
Myeloid cells may be recruited through the blood-CSF barrier by a unique set of chemokines which include CCL12 expression within the choroid plexus RNA viruses are known to upregulate key chemokines, cytokines and type I interferon response genes (Takeuchi and Akira, 2009 ). We expected that novel chemoattractant factors may be upregulated to induce myeloid cell recruitment in the neonatal CNS specifically in response to CVB3 infection. Such chemoattractant molecules may also have a direct role on the recruitment of bone marrow stem cells into damaged tissues (Dar et al., 2006) . We used Illumina BeadArray Technology (MouseWG-6 v2 Expression Beadchips) and the BeadChip BioMedical Genomics Microarray Facility (Department of Medicine, UCSD) to identify novel genes upregulated in the neonatal CNS during nestin ϩ myeloid recruitment. RNA was isolated from mock-infected neonatal mice, or neonatal mice infected with eGFP-CVB3, wtCVB3 and LCMV at 12 h PI. By comparing CVB3-infected, LCMVinfected and mock-infected animals using Illumina's genomewide gene expression profiling, we were able to analyze gene expression alterations for nearly 46,000 transcripts. A number of chemokines were shown to be upregulated following CVB3 infection compared with mock-infected control mice (Fig. 4 A) . Chemokines upregulated in response to eGFP-CVB3 infection were harvested 24 h PI, deparaffinized, and immunostained with antibodies against GFP, laminin, ZO-1, and mCAR. A, C, Laminin staining (red) which outlined the basement membrane revealed infected myeloid cells (green) trafficking through the vascular core of the choroid plexus. B, D, ZO-1 staining (red) showed infected myeloid cells (green) migrating through the tight junctions of the choroid plexus. E, Cellular proliferation assessed by Ki67 staining (red) revealed cellular proliferation in the subventricular zone and in myeloid cells within the lateral ventricle. G, Higher magnification of E showed a cytoplasmic localization for Ki67 (normally found in the nucleus) within infected cells (white arrows), and made clear in the inset image in the top right corner (red and blue channel only). In contrast, uninfected cells nearby showed a normal nuclear distribution for Ki67 (notched cyan arrows). F, The majority of infected myeloid cells also expressed high levels of pERK1/2 (red). H, Higher magnification of F revealed both pERK1/2 ϩ and pERK1/2 Ϫ -infected myeloid cells (white arrows). The pERK1/2 cytoplasmic staining pattern is illuminated by the inset image in the top right corner (red and blue channel only). I, mCAR expression (red) was observed within the tight junctions of the choroid plexus epithelium and in the subventricular zone. J, Higher magnification illustrated detectable mCAR expression levels on infected myeloid cells (white arrows). The mCAR staining pattern is illuminated by the inset image in the top right corner (red and blue channel only). A, B, E, F, I, 20ϫ objective; C, D, G, H, J, 100.8ϫ magnification. LV, Lateral ventricle.
included CCL7, CCL9, and CCL4. In particular, extremely high levels of CCL12 were induced following eGFP-CVB3 infection. However, cytokines and interferon response gene expression were not significantly different between the treatments, except for a moderate increase in IRF-1 and OAS1 g for eGFP-CVB3-infected samples (data not shown). Next, we wanted to determine the location and level of CCL12 protein in the neonatal CNS by immunofluorescence staining. CCL12 (red) was highly expressed in eGFP-CVB3-infected samples as early as 12 h PI (Fig. 4 B) . Furthermore, higher-magnification images indicated that protein expression was localized to the to the choroid plexus and ependymal cell layer (Fig. 4 D) . In contrast, little or no CCL12 signal was observed in mock-infected samples (Fig. 4C,E) .
Myeloid cell infiltration is specific to coxsackievirus infection
To determine whether myeloid cell infiltration was specific to CVB3 infection, an additional RNA virus, LCMV, was analyzed concurrently with CVB3-infected samples at 12, 24 and 48 h PI. Myeloid cell infiltration was observed in the choroid plexus of both neonatal BALB/c and C57BL/6 mice infected with GFP-CVB3 (Fig. 5 A, B, respectively) . Higher magnification, showed the characteristic myeloid cell infiltration (Fig. 5C, black arrows) . A relatively low inoculum (5 ϫ 10 3 pfu, i.c.) of wild-type CVB3 (wt CVB3) also led to a limited induction of myeloid cell infiltration (Fig. 5D ). In contrast, little or no myeloid cell infiltration was observed for either LCMV or mock-infected neonatal C57BL/6 mice ( Fig. 5 E, F, respectively) . Also, intracranial administration of CCL12 was found to induce the recruitment of myeloid cells independent of CVB3 infection, albeit at a lower level (Fig. 5G) .
Myeloid cell recruitment was quantified by counting the number of cells present in high-magnification images in three independent regions of the choroid plexus for two animals per treatment (Fig. 5H ) . Using this quantitative methodology, both neonatal BALB/c and C57BL/6 mice infected with eGFP-CVB3 induced high numbers of myeloid cells when compared with mock-infected control mice ( p Ͻ 0.05 using ANOVA with Newman-Keuls post hoc comparison). A lower number of myeloid cells was observed in neonatal mice given a substantially lower inoculum of wtCVB3 or intracranially inoculation of CCL12 chemokine, compared with the mice infected with a high dose of eGFP-CVB3. The small increase in the number of myeloid cells for either wtCVB3 or CCL12 inoculation remained signifi- Figure 3 . Progressive extravasation of infected myeloid cells through the basement membrane as determined by confocal microscopy and Imaris 3D analysis. Neonatal mice were infected (intracranially) with eGFP-CVB3, and the brains were harvested 12 and 24 h PI. The kinetics of myeloid cell migration through the basement membrane (outlined by laminin staining in red) was observed by confocal microscopy and IMARIS 3D analysis at 12 h (top) and 24 h PI (bottom). Low magnification of immunofluorescence images showed infected myeloid cell migration (green) through the tight junctions of the choroid plexus epithelium. Gray-scale images of all three colors (virus, green; laminin, red, DAPI, blue) at 12 and 24 h PI revealed the intensity and organization of the myeloid cell infiltration in greater detail. To better visualize myeloid cell entry, IMARIS 3D with diminishing laminin label (diminishing red) was performed on a higher magnification (zoom 1) for both 12 and 24 h PI images. Higher magnification of zoom 1 revealed the extravasation of infected myeloid cells through the basement membrane (zoom 2, white arrows). Original images were obtained with a 63ϫ Plan-Aprochromat objective at 0.3 mm interval step slices (as described in Materials and Methods).
cantly greater than that observed in mock-infected control mice ( p Ͻ 0.05), and graphical results showed a trend toward greater numbers of myeloid cells over three independent time points (12, 24 and 48 h PI) in wtCVB3-infected or CCL12 inoculated mice, compared with mock-infected control mice. In addition, no significant difference was observed between LCMV and mock-infected control mice ( p Ͼ 0.05). The few myeloidlike cells observed in the choroid plexus of LCMV-infected and mock-infected mice might represent resident epiplexus cells (Ransohoff et al., 2003) .
Next, we performed qRT-PCR on RNA isolated from infected CNS tissue to examine viral load in these samples over time, as described previously (Feuer et al., 2009) . The quantity of eGFP-CVB3 and wtCVB3 genomic RNA increased over a period of 48 h PI (Fig. 5 I, J, respectively) . Higher viral copy numbers were observed for eGFP-CVB3 compared with wtCVB3, most likely reflecting the greater initial starting inoculum for eGFP-CVB3 infected mice (1 ϫ 10 7 pfu versus 5 ϫ 10 3 pfu, respectively).
Using qRT-PCR, an increase in viral load in the neonatal CNS over time was also observed for LCMV (Fig. 5K ) .
Infected myeloid cells near the choroid plexus express both neural stem/progenitor cell and myeloid-lineage markers
Remarkably, immunofluorescence data revealed that many CVB3-infected myeloid cells in the choroid plexus (eGFP) expressed nestin (red), a marker which identifies neural stem and progenitor cells (Lendahl et al., 1990) (Fig. 6 A, C) . As expected, the majority of nestin staining was observed within the SVZ. Surprisingly, numerous infected myeloid cells located within or near the choroid plexus expressed high levels of nestin. These infected myeloid cells also expressed high levels of Mac3 (red), an antigen normally found on myeloid-lineage cells (Fig. 6 B, D ) (Ho and Springer, 1983) . Furthermore, numerous Mac3 ϩ cells were found within the SVZ, suggesting their eventual entry into the parenchyma of the brain. Isotype control staining for both nestin and Mac3 demonstrated the specificity of our immunofluorescence methodology in these sections (Fig. 6 E, F, respectively) . Higher magnification of sections in Figure 6 A revealed nestin ϩ cells morphologically similar to that of myeloid cells located adjacent, yet distinct, from the columnar epithelium of the CP and the ependymal cell layer (Fig. 7 A, C,E) . These nestin ϩ myeloid cells were not only distinct from the columnar epithelium of the choroid plexus and the ependymal cell layer, but exhibited morphology similar to that of type B neural stem cells with cellular protrusions penetrating the ECL and contacting the lateral ventricle. Identical sections used for fluorescence microscopy as described above were stained by H&E to reveal infected cells having characteristic myeloid morphology and located adjacent to the choroid plexus or within the lateral ventricle (Fig. 7 B, D,F , black arrows). Interestingly, many infected cells expressed nestin in a polarized manner within discrete cellular regions in the apparent direction of cell movement. A few infected myeloid cells in other sections expressed nestin near ciliated structures or cellular processes extending into the ependymal cell layer, made apparent after H&E staining of the same section (Fig. 7G,H (Helfand et al., 2003) and neuronal progenitor cell progression (Doetsch et al., 1999) . We also observed a number of infected myeloid cells near the choroid plexus or within the ependymal cell layer expressing a radial glial marker (Fig. 7 I, J ) or a neuronal precursor cell marker (Fig. 7 K, L) .
Macrophages/microglia engulfed CVB3-infected myeloid cells entering the CNS Within 12 and 24 h PI, Iba1
ϩ macrophages/microglia were seen responding to CVB3 infection (Fig. 8) . Iba1 ϩ cells were observed near the choroid plexus and within the subventricular zone (Fig.  8 A) . In contrast to Mac3 staining results, infected myeloid cells in the choroid plexus did not express Iba1, a marker for activated monocytes/microglia/macrophages (Ito et al., 2001) . Instead, Iba1 ϩ macrophages/microglia were seen engulfing multiple infected myeloid cells (Fig. 8 B-D, white arrows) . Macrophage/microglia engulfment of CVB3-infected cells in the CNS has been described previously, although at later time points (Feuer et al., 2009 ). Higher magnification revealed the presence of Iba1 ϩ gitter cells (macrophage/microglia cells that are globular and swollen following phagocytosis of CNS debris) engulfing virusinfected cells in some sections (Fig. 8 B) . Similar results illustrat- . Myeloid cells may be recruited through the blood-CSF barrier by a unique set of chemokines, specifically CCL12 expressed by the choroid plexus. Total RNA was isolated from infected and mock-infected brain samples 12 h PI. cRNA generated from isolated RNA was hybridized to Illumina whole mouse genome chips (n ϭ 2). A, Analysis of chemokine gene expression via microarray analysis showed the induction of particular chemokines in response to eGFP-CVB3 infection, including CCL12, CCL7, CCL9, and CCL4. Given that CCL12 was the most highly upregulated chemokine, immunostaining was performed using a CCL12 antibody on infected or mock-infected brain to evaluate the degree and location of chemokine protein expression. B, D, At 12 h PI, high levels of CCL12 (red) was expressed in the choroid plexus near or within eGFP-CVB3-infected myeloid cells (green), as shown in representative images. C, E, Little to no CCL12 was expressed in mock-infected control samples. DAPI nucleistained cells are shown in blue.
ing the phagocytosis of multiple infected-myeloid cells in the CNS were also seen 24 h PI following either Iba1 (Fig. 8 E, G, white arrows) or CD11b immunofluorescence staining (Fig. 8 F, H , white arrows).
Progressive increase in Iba1
؉ macrophages/microglia and engulfment of CVB3-infected myeloid cells undergoing apoptosis We observed a progressive increase in Iba1 ϩ macrophages/microglia within the choroid plexus over 48 h PI (Fig. 9) . In contrast to the appearance of infected myeloid cells (green) as soon as 12 h PI, the kinetics of macrophage/microglia migration to the choroid plexus was delayed. Very few Iba1 ϩ macrophages/microglia (red) were seen at 12 h PI (Fig. 9 A, B) . At 24 h PI, the number of
Iba1
ϩ macrophages/microglia increased at a point in time when infected myeloid cells appeared within the SVZ (Fig. 9C,D) . By 48 h PI, the integrity of the choroid plexus appeared compromised, and Iba1 ϩ macrophages/microglia were found in high numbers (Fig. 9 E, F ) . Intriguingly, Iba1 ϩ macrophages/microglia actively engulfed the few remaining infected myeloid cells within the choroid plexus (Fig. 9G) . As shown by ApoTome analysis or "grid projection" which allows for optical sectioning on a motorized Zeiss Axio Observer fluorescence microscope, Iba1 ϩ macrophages/microglia could be visualized engulfing multiple infected myeloid cells (Fig. 9 H, z-stack image, white arrows; also shown in supplemental Movie 3, available at www.jneurosci.org as supplemental material). An x,z view (top part of image) and a y,z view (right-hand part of image) in Figure 9H show the inter- The brains were harvested 12 h PI, and sections were stained by H&E. Large numbers of myeloid cells were observed in BALB/c mice (A), or C57BL/6 neonatal mice infected with eGFP-CVB3 (B), wt CVB3 (D), or CCL12-inoculated mice (G). C, Higher magnification of B identified myeloid cells migrating through the choroid plexus (black arrows). E, F, In contrast, infection of C57BL/6 mice with LCMV (E), or mock-infected C57BL/6 mice (F ) showed little to no myeloid cell infiltration. H, Images (100.8ϫ magnification) of H&E-stained brain sections were used to determine myeloid cell number based on their morphology and location near the choroid plexus. Using ANOVA with Newman-Keuls post hoc comparison, a significant difference was observed when comparing the C57BL/6 -mock-infected group and either the BALB/c-eGFP-CVB3 group ( p Ͻ 0.05), the C57BL/6 -eGFP-CVB3 group ( p Ͻ 0.05), the C57BL/6 -WTCVB3 group ( p Ͻ 0.001), or the C57BL/6 CCL12-inoculated group ( p Ͻ 0.05). There was no significant difference between the C57BL/6 -LCMV group and the C57BL/6 -mock-infected group ( p Ͼ 0.05). Error bars represent the SEM. I, J, Total RNA was isolated from the brain of infected samples and CVB3 RNA was quantified by qRT-PCR using primers and probe specific to the 5Ј-UTR, as described in Materials and Methods. K, Similarly, LCMV RNA was quantified by qRT-PCR using primers and probe specific for GP. A, B, D-G, 20ϫ objective; C, 100.8ϫ magnification.
nalization of infected myeloid cells by Iba1
ϩ macrophages/microglia. Additionally, the engulfment of apoptotic bodies by Iba1 ϩ macrophages/microglia in parallel sections was clearly visible at 48 h PI, as shown by ApoTome analysis (Fig. 9 I , J, z-stack image, white arrows; also shown in supplemental Movie 4, available at www.jneurosci.org as supplemental material). An x,z view (top part of image) and a y,z view (right-hand part of image) in Figure 9J illustrates the engulfment of apoptotic bodies by Iba1 ϩ macrophages/microglia.
Expression of molecular markers by CVB3-infected myeloid cells in the CNS
A summation of antibodies used for immunofluorescence staining to identify recruited myeloid cells responding to CVB3 infection at 12 and 24 h PI is shown in Table 1 . In general, antibodies were used to determine neural and hematopoietic stem cell, cell cycle/activation, and myeloid/monocyte/macrophage markers. Infected myeloid cells consistently expressed cell cycle/activation markers. Also as described above, these cells expressed relatively high levels of nestin and Mac3. In contrast, most infected myeloid cells failed to express high levels of other informative neural stem/ progenitor cell or hematopoietic cell markers.
Adoptively transferred donor cells from actin promoter-GFP transgenic mice inoculated intrahepatically follow a similar path to the CNS following CVB3 infection
We wished to reveal the peripheral origin of infected myeloid cells responding to CVB3 in the CNS. Therefore, adult BMDCs, or alternatively, newborn liver-derived cells from actin promoter-GFP transgenic mice were inoculated intrahepatically into 1-or 3-d-old recipient C57BL/6 mice, as described previously (Massengale et al., 2005) . These recipient mice were subsequently infected (intracranially) with a recombinant coxsackievirus expressing dsRED protein either simultaneously, or 24 h following the intrahepatic inoculation of GFP-expressing donor cells (Fig. 10 A) . On days 1, 2 and 6 postinoculation, the brains of recipient mice were inspected for GFP ϩ myeloid cells near the choroid plexus and within the parenchyma similar to those observed in Figure 1 . Surprisingly, the inoculation of newborn liver-derived donor cells (the site of hematopoiesis in newborn mice) routinely led to greater engraftment in the recipient liver, compared with adult BMDCs (Fig. 10 B, C) . Intriguingly, the appearance of numerous GFP ϩ myeloid-like cells within the brain was evident as soon as 24 h postinoculation (POI) in simultaneously infected mice, or alternatively, as soon as 48 h POI in mice infected 1 d after intrahepatic inoculation (Fig. 10 D) . GFP ϩ donor cells with myeloid morphology, similar to infected myeloid cells seen in Figure 6 , were observed adjacent to the ECL, within the SVZ, near the choroid plexus, and within the olfactory bulb ( Fig. 10 F, H,I , respectively). Furthermore, mock-infected animals failed to display an influx of GFP ϩ donor cells ( Fig. 10 E) ; although a few GFP ϩ perivascular macrophage cells were seen near blood vessels in the brain parenchyma (data not shown). By day 6 POI, GFP ϩ donor cells, including a few cells with neuronallike homology, were observed within the cortex (Fig. 10 J, K ) . The majority of GFP ϩ donor cells did not express high levels of viral protein, and the degree of infection (as judged by dsRED expression) appeared not to be as robust as with eGFP-CVB3. We attribute this discrepancy due to the relatively low initial viral inoculum (2.5 ϫ 10 4 pfu, i.c.) reflective of our marginal dsRED-CVB3 working stock, and a greater technical difficulty in observing dsRED expression compared with eGFP (fluorescence requires dsRED tetramer formation, and dsRED protein has a tendency to aggregate). Our recombinant CVB3 expressing dsRED may also be of lower viral fitness compared with eGFP-CVB3 (data not shown), perhaps due to the greater toxicity of dsRED in eukaryotic cells. Also at later stages of infection (day 6 POI), viral protein levels may be waning in surviving cells. Nonetheless, these data suggest a peripheral origin of myeloid cells in the choroid plexus and CNS responding to CVB3 infection.
Induction of apoptosis in the choroid plexus following CVB3 infection
We determined the ability of eGFP-CVB3 to induce apoptosis within infected myeloid cells by TUNEL (ApopTag staining). The amount of ApopTag signal was quantified on a per section basis and compared with mock-infected control samples (Fig. 11 A) . For both C57BL/6 and BALB/c mice, high levels of ApopTag signal was observed within infected myeloid cells adjacent to the Figure 6 . Infected myeloid cells near the choroid plexus express both neural stem/progenitor cell and myeloid-lineage markers. Sagittal brain sections from infected pups were harvested 24 h PI, deparaffinized, and immunostained with antibodies against nestin and Mac3. A, C, As expected, nestin staining (red) was evident in the SVZ. However, detectable levels of nestin expression were also seen within infected cells (green) adjacent to the choroid plexus and circulating within the CSF of the lateral ventricle. B, D, The majority of infected cells within the lateral ventricle expressed Mac-3 (a bone marrow myeloid-lineage marker) indicated by the high levels of expression (red) within the lateral ventricle. E, F, No signal was observed in parallel sections immunostained using a mouse IgG isotype control antibody for nestin (E) or a rat isotype control antibody for Mac3 (F ). A-F, 20ϫ objective.
choroid plexus 24 h PI. Little to no ApopTag signal was seen in C57BL/6 mock-infected control sections. The ApopTag signal levels were statistically significant ( p Ͻ 0.05) using ANOVA with Newman-Keuls post hoc comparison for infected C57BL/6 and BALB/c mice, compared with mock-infected control samples. Representative fluorescent microscopic images of infected C57BL/6 and BALB/c neonatal mice revealed high levels of ApopTag signal (red) in myeloid cells adjacent to the choroid plexus (Fig. 11 B, C, respectively) . Higher magnification showed ApopTag signal predominantly within infected (eGFP ϩ ) myeloid cells (Fig. 11 E, F ) . In contrast, little to no ApopTag signal was observed in mock-infected mice (Fig. 11 D, G) .
Possible outcome of CVB3-infected myeloid cells following their migration into the parenchyma of the CNS
Our present model suggests that upon inoculation, eGFP-CVB3 virions may provisionally bind to the tight junctions of the choroid plexus epithelial cells (Fig. 11 H) . The induction of key chemokines specific to CVB3 infection, including CCL12, may play a role in the recruitment of unique myeloid cells through the choroid plexus. Upon extravasation through the tight junctions of the choroid plexus epithelial cells, eGFP-CVB3 virions may target these highly activated myeloid cells, thereby leading to their infection and rapid expression of viral proteins (including eGFP). Infected myeloid cells may eventually enter the lateral ventricle and travel through the ependymal cell layer. Presently, our ability to follow infected myeloid cells through the ependymal cell layer into the parenchyma of the CNS is limited. However, our existing data indicate several possible outcomes for these cells as they migrate into the parenchyma. . Infected myeloid cells in the ventricle express nestin and have the morphology of type B stem cells as they migrate though the ECL and into the parenchyma of the brain Sagittal brain sections from infected pups were harvested 24 h PI, deparaffinized, and immunostained with antibodies against nestin, RC2, and doublecortin (DC). A, E, Infected myeloid cells near the choroid plexus (A) (cyan notched arrows), adjacent to the ECL (white arrow), and within the lateral ventricle (E) (white arrow) expressed high levels of nestin. C, High magnification of A illustrated the cytoplasmic and extended cellular processes, typical of nestin staining, extending within the ECL. B, D, F, Identical sections were stained by H&E to reveal the myeloid-like morphology of these nestin ϩ cells (black arrow) in different regions of the lateral ventricle. G, H, A small number of infected myeloid cells (G) in transit through the LV and moving toward the SVZ expressed nestin (red, cyan notched arrow in high-magnification inset) in cytoplasmic locations adjacent to extended cellular processes, as visualized in the identical section stained by H&E in H (cyan notched arrow in high-magnification inset). Nestin expression appears to be localized in the direction of movement. I, J, A few infected myeloid cells (white arrows) near the choroid plexus and within the ECL expressed RC2, a marker for radial glial cells. K, L, Some myeloid cells (white arrows) adjacent to the ECL also expressed doublecortin, a marker for neuronal precursor cells. LV, lateral ventricle. A, B, E-H, J-L, 63ϫ objective; C, D, 100ϫ objective with a further ϳ2-fold magnification; I, 100ϫ objective. microglia may engulf infected myeloid cells within the parenchyma. (4) Infected myeloid cells may remain for extended periods of time within the CNS and eventually contribute to CVB3 persistence, as described previously (Feuer et al., 2009) . Additionally, these cells may assist in the dissemination of CVB3 deep within the CNS. (5) The production of infectious virus by these cells may contribute to the infection of type B neural stem cells, progenitor cells, or neurons; as shown previously (Feuer et al., 2003 . (6) Finally, given their ability to express neural stem cell and progenitor cell markers, infected myeloid cells may exhibit long term effects in the brain. These effects may, either indirectly or directly contribute to neurogenesis and/or CNS repair. The outcome of such a scenario might be the eventual generation of infected neurons which eventually migrate into the cortex and olfactory bulb and contribute to viral persistence. Given the plasticity of cells in a developing neonate and the unique immunological environment produced following CVB3 infection, such an outcome might be a possibility.
Discussion
Our recent studies on coxsackievirus B3 (CVB3) tropism and pathogenesis in our neonatal mouse model of CNS infection have allowed us to make some intriguing observations. First, using a recombinant CVB3 expressing GFP, we determined that this vi- . Progressive increase in Iba1ϩ macrophages/microglia and engulfment of CVB3-infected myeloid cells undergoing apoptosis. Sagittal brain sections from infected pups were harvested 12, 24, and 48 h PI, deparaffinized and immunostained with antibodies against Iba1 and viral protein (GFP) or identified for apoptotic activity using ApopTag. A, B, Infected myeloid cells (green) were seen in high numbers in the choroid plexus as soon as 12 h PI. In contrast, only low numbers of Iba1 ϩ macrophages/microglia (red) were seen in the choroid plexus and SVZ at 12 h PI. C, D, By 24 h PI, a substantial increase in Iba1 ϩ macrophages/microglia was seen in the choroid plexus. E, F, After 48 h, Iba1 ϩ macrophages/microglia were observed at high numbers in the choroid plexus at a time when the number of infected myeloid cells substantially decreased.
G, H, Higher magnification showed Iba1
ϩ macrophages/microglia which actively phagocytosed the remaining infected myeloid cells (white arrows) in the choroid plexus. I, J, Infected myeloid cells underwent apoptosis, and the apoptotic bodies were engulfed by Iba1 ϩ macrophages/microglia (white arrow). Z-stack images obtained using ApoTome Imaging System for 3 orthogonal section views-x,y, x,z, and y,z, were included in H and J, as shown in the "Cut View" (white lines) using AxioVision software. Z-stack images for H showed Iba1 ϩ macrophages/microglia (red) surrounding infected myeloid cells (green). Z-stack images for J showed Iba1 ϩ macrophages/microglia (green) surrounding apoptotic bodies (red) in parallel cuts. All images were acquired as five 1 m z-stacks taken with a Zeiss Axiovert 200 inverted microscope with ApoTome Imaging System. A-F, I, 20ϫ objective; G, H, J, 63ϫ objective.
rus preferentially infects proliferating neural stem cells (NSCs) in the neonatal CNS (Feuer et al., 2003 Whitton et al., 2005) and may persist in the CNS for months after initial infection (Feuer et al., 2009 ). Second, we now describe the early recruitment of nestin ϩ (marker for neural stem and progenitor cells) myeloid cells through the blood-CSF barrier shortly after infection, and before the establishment of infection in neurogenic regions of the brain (shown diagrammatically in Fig. 11 H) . These cells are Mac3 ϩ upon entry, but then appear to increase their nestin expression as they move into the lateral ventricle. Finally, these peripherally recruited myeloid cells were highly susceptible to infection upon their entry across the tight junctions of the CP epithelial cells that provide the framework for the blood-CSF barrier.
The choroid plexus, an invagination of modified ependymal cells forming epithelium, may be considered a unique microenvironment and has been implicated in regulating neurogenesis (Krizhanovsky and Ben-Arie, 2006 ) and the immune response in the CNS (Reboldi et al., 2009) . The recruitment of myeloid-like cells appears to be CVB3-specific, given that an unrelated RNA virus [lymphocytic choriomeningitis virus (LCMV)], failed to stimulate myeloid cell recruitment through the blood-CSF barrier. Also, a unique spectrum of chemoattractant molecules was expressed specifically following eGFP-CVB3 infection. In particular, CCL12, a chemokine known to induce the recruitment of monocytes, was highly expressed in regions of the choroid plexus and the ependymal cell layer. Furthermore, intracranial inoculation of CCL12 into neonatal mice independently induced the recruitment of myeloid cells through the choroid plexus, albeit at a lower level compared with eGFP-CVB3 infection (Fig. 5G,H ) . Also, it remains to be determined whether myeloid cells recruited following CCL12 inoculation are identical to those induced following CVB3 infection. Injection of a single chemokine may not completely mimic the microenvironment induced by CVB3 necessary to attract these novel myeloid cells. Perhaps the injection of a "chemokine cocktail" might more accurately recreate the immune response induced following CVB3 infection.
The temporal distribution of these infected cells suggests their extravasation through the vascular stromal cores of the choroid plexus columnar epithelium, across the CSF of the ventricles, and the continued migration across the ependymal cell layer into the parenchyma of the brain. Although these cells may be contributing to the immune response against CVB3 infection in the CNS, few signs of inflammation other than reactive microgliosis were evident in the brain parenchyma shortly after infection (Feuer et al., 2009) . Furthermore, these myeloid cells failed to express Iba1, a marker for activation microglia/macrophages. This suggested to us that infected myeloid cells seen in the choroid plexus do not differentiate into microglia or macrophages in the neonatal CNS. Also, these cells did not have long dendrites typical of dendritic cells and failed to express dendritic cell markers. Dendritic cells have been previously shown to be resistant to coxsackievirus infection (Kramer et al., 2008) .
Intriguingly, Iba1 ϩ macrophages/microglia which did not express nestin were observed actively engulfing numerous infected myeloid cells. Serial sections demonstrated two distinct cell populations (infected myeloid cells and Iba1ϩ macrophages/microglia) having different migration kinetics entering the choroid plexus following CVB3 infection. Furthermore, the progression of cell migration captured by immunofluorescence microscopy highlighted the transient nature of infected myeloid cells, and illustrated their rapid movement away from the choroid plexus and into the parenchyma of the brain between 24 and 48 h PI. Also, the few remaining infected myeloid cells in the choroid plexus at 48 h PI underwent apoptosis, and these apoptotic bodies were subsequently phagocytosed by the large number of Iba1 ϩ macrophages/microglia infiltrating into the choroid plexus at this time point following infection.
Additional immunostaining revealed that the majority of myeloid cells in the choroid plexus expressed high levels of phosphop44/42 MAP kinase (pERK1/2) or Ki67 (marker for cell proliferation), which may explain the susceptibility of these cells to infection (Feuer et al., 2002 (Feuer et al., , 2004 Esfandiarei et al., 2004; Feuer and Whitton, 2008) . Nestin staining within infected myeloid cells was frequently localized to leading cellular processes in the direction of the ependymal cell layer. Although expression of nestin has been repeatedly used to identify migratory neural stem and progenitor cells, little is known regarding the function of nestin. Recent data suggest that nestin may participate in the phosphorylation of microtubules and direct cell migration and movement (Helfand et al., 2003; Kleeberger et al., 2007) .
The extravasation of infected myeloid cells through the choroid plexus columnar epithelium was observed by immunostaining of sections with laminin and ZO-1 antibodies and by confocal microscopy with IMARIS 3D analysis. Collectively, staining for laminin and ZO-1 identifies two key structural components of the choroid plexus, basement membranes and tight junctions. Laminin is a ubiquitous connective tissue glycoprotein and a major component of basement membranes. Laminin helped to identify the endothelial cell layer of the choroid plexus and permitted us to observe the diapedesis of cells from the blood capillaries of the vascular stromal core. Infected myeloid cells were observed in the process of extravasation through laminin ϩ regions. Despite the early age of infected pups (12, 24, and 48 h postbirth), ZO-1 staining outlined the tight junctions of the columnar epithelium organizing the blood-CSF barrier in the choroid plexus. Infected myeloid cells could be seen trafficking through the columnar epithelium. The great majority of infected cells expressed high levels of viral protein during or after extravasation, indicating that infection may have taken place upon entry of these cells through the blood-CSF barrier. As suggested by our own CAR immunostaining, we hypothesize that binding of CVB3 virions to CAR located within the tight junctions (Nagai et al., 2003 ) may assist in virus dissemination following the recruit- 
The results of immunofluorescence staining for neural stem and progenitor cell markers, hematopoietic/mesenchymal stem cell markers, cell cycle/activation markers, and monocyte/macrophage markers on recruited myeloid cells 24 h PI are described. The relative level of expression for each marker is represented in a range of high expression levels (ϩϩϩ) to little or no expression (Ϫ). Recruited myeloid cells expressed high levels of cell cycle/activation markers. However, few cell lineage or neural stem and progenitor cell markers (except for nestin and mac3) were expressed on recruited myeloid cells.
ment and diapedesis of target cells through the tight junctions of the choroidal epithelium. These results also indicate that the morphology of the choroid plexus is maintained during myeloid cell infiltration up to 24 h PI, as mock infected samples had similar laminin and ZO-1 expression (data not shown).
As these novel cells enter the parenchyma of the brain, they exhibit morphological similarities to type B NSCs that normally reside within the SVZ and display typical cellular processes that characteristically penetrate through the ECL contacting the lateral ventricles (Alvarez-Buylla et al., 2002) . Some myeloid cells may eventually undergo apoptosis, or become phagocytosed by resident macrophages/microglia. We suggest that CVB3 infection, and the subsequent damage to the neonatal CNS, may induce myeloid cell recruitment through the blood-CSF barrier to repair the brain following injury, such as after an infection. Moreover, CVB3 may exploit this inherent repair process in the neonatal CNS by intensifying myeloid cell recruitment for the purpose of maximizing virus dissemination into the brain. Early CVB3 infection and subsequent chemokine expression may induce the recruitment of myeloid cells and the eventual systemic distribution of virus into the CNS and other tissues, as described for murine cytomegalovirus by the Mocarski group (Noda et al., 2006) . Aseptic meningitis caused by coxsackievirus infection in newborns may be exacerbated by myeloid cell recruitment since these cells may provide an effective method for viral dissemination throughout the neonatal CNS. The recruitment of mobile cells, and their subsequent susceptibility to infection, may be a common theme among viruses in their drive to disseminate through the host. The benefits to viral spread using these cells within the host are manyfold in this scenario. (1) Virions might be protected from neutralizing antibodies normally found in high titers in the sera. (2) Mobility of migrating cells might provide virions with rapid transportation to normally inaccessible organs (for example, the CNS). (3) Many different genera of viruses require activated or proliferating host cells for maximal viral replication, and the metabolic activity of migratory cells may make them attractive targets for viral infection.
Myeloid cells have not been previously identified as supporting neurogenesis, although some primary hematopoietic cells and CD14
ϩ monocytes express nestin and other stem cell markers under certain culture conditions (Vitry et al., 2003; Chen et al., 2005 ). Recent studies have described the ability of CD14 ϩ multipotent monocytes having the ability to differentiate in vitro into bone, skeletal muscle (Kuwana et al., 2003) , cardiac muscle Figure 10 . Recruitment of intrahepatically inoculated GFP-expressing donor cells into the CNS following infection with dsRED-CVB3. BMDCs or newborn liver-derived cells were isolated from actin promoter-GFP transgenic mice. A, GFP-expressing cells were inoculated intrahepatically into 1-or 3-d-old recipient C57BL/6 mice. Recipient mice were intracranially infected either simultaneously, or 24 h later, with dsRED-CVB3. The brains and liver of recipient mice were harvested 1, 2, and 6 d postinoculation. Recipient livers showed varying numbers of engrafted GFP-expressing donor cells. B, C, The most successful engraftment occurred in recipient mice inoculated intrahepatically with newborn liver cells (green), although the majority of recipient mice showed some level of successful engraftment. D, As soon as 24 h postinfection, GFP-expressing donor cells were observed in the CNS (representative animal shown). E, In contrast, no GFP-expressing donor cells were observed in the CNS in mock-infected mice. F, G, Higher magnification of D showed donor cells near the lateral ventricle and subventricular zone (white arrows). H, I, GFP-expressing donor cells were also observed within the choroid plexus and olfactory bulb (white arrows). J, By day 6 postinfection, GFP-expressing donor cells were observed in the entorhinal cortex (white and blue arrows). Also, viral protein expression (red) was observed in the entorhinal cortex, although no colocalization with donor was seen. K, Higher magnification of J identified GFP-expressing donor cells in the entorhinal cortex with neuronal-like processes (white arrow). B-E, 20ϫ objective; F-J, 63ϫ objective; K, 63ϫ objective with a further ϳ3-fold magnification. (Kodama et al., 2005) , and most recently the neuronal lineage (Kodama et al., 2006) . Others have described the close association of perivascular macrophages with regions of neurogenesis within the SVZ (Mercier et al., 2002) . However, the role of these cells during neurogenesis has not been evaluated. Bone marrowderived cells have been shown to migrate into the CNS in response to injury and help the repair process (Brazelton et al., 2000) . A recent study suggests that neuronal progenitor cells may have a cell marker, Le X (ssea-1), found on monocytes (Capela and Temple, 2002) . The possibility remains that progenitor cells may be induced to migrate from the blood only after expression of a migratory factor or chemokine following infection with CVB3 or after CNS damage. Identifying such a migratory factory would be imperative for new treatments involving stem cell therapies. Controversy exists in the field of "transdifferentiation," whereby some researchers have shown that BMDCs can differentiate into neurons, cardiomyoctes, and other cell lineages (Brazelton et al., 2000; Mezey et al., 2000) . In contrast, others have interpreted these results differently (Castro et al., 2002) . They suggest that BMDCs fuse to sick or dying neurons and repair functionality without "transdifferentiation." Intriguing results from Nataf et al. (2006) describe a population of myeloid progenitor cells in close association with fibroblastic-like cells of unknown function expressing nestin within choroid plexus stroma cultures. Furthermore, choroid plexus ependymal cells were recently shown to harbor neural progenitor cells (Itokazu et al., 2006) . We hypothesize that these neonatal nestin ϩ myeloid cells responding to CVB3 infection may represent a unique primitive progenitor cell which might assist with CNS repair in response inflammation, damage, or infection with particular viruses. Neonatal myeloid progenitor cells may exhibit unique characteristics and function compared with their fully differentiated counterparts within the adult host. For example, neonatal monocytes show modified expression levels of genes involved in the functional immune response when compared with adult monocytes (Strunk et al., 2004; Lawrence et al., 2007) .
To clarify the peripheral origin of these myeloid cells which appear to be highly susceptible to CVB3 infection, we intrahepatically inoculated bone marrow-derived cells or newborn liverderived cells from actin promoter-GFP transgenic mice into 1-or 3-d-old C57BL/6 recipient animals. Recipient animals were subsequently intracranially inoculated with a recombinant CVB3 expressing dsRED protein (dsRED-CVB3). We demonstrated the migration of myeloid-like cells expressing GFP with similar morphological characteristics and anatomical location within the CNS, as shown for mice infected with eGFP-CVB3. In contrast, no GFP ϩ donor cells were observed in mock-infected neonatal mice. The migration of adoptively transferred GFP-expressing cells which traffic into the CNS following dsRED-CVB3 inoculation suggests a peripheral origin for myeloid-like cells seen within the choroid plexus following infection. 
